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Magnetic core properties, core loss, permeability, and saturation magnetic induction of 
bee-nanocrystalline Fe-M-B (M=Zr, Hf, and Nb) alloys produced by annealing a melt-spun 
amorphous phase were investigated in a ring-shaped form with the aim of clarifying the 
application potential as a core material. The bee alloys exhibit high saturation induction (B,) 
from 1.49 to 1.63 T combined with high permeability (p& from 22 000 to 32 000 at 1 kHz and 
0.4 A/m. The bee Fe-M-B (M=Zr, Hf, or Nb) alloys also show low core losses (IV) from 
1.4~ 10-l to 2.1 X 10-l W/kg at 50 Hz and 1.4 T and from 1.70 to 2.50 W/kg at 1 kHz and 1.0 
T. The W values attained for the bee Fe-M-B (M=Zr, Hf, and Nb) alloys are smaller by 60%- 
90% at 50 Hz and 1.4 T and 50%-70% at 1 kHz and 1.0 T, as compared with those for an 
amorphous Fe,sSi,B,s alloy in practical use as a transformer core material. The low W values 
for the bee-nanocrystalline alloys are presumably due to the small anomaly factor comparable to 
a Co-based amorphous alloy. The comparison of the present data with those for the amorphous 
Fe,sSi,B1, alloy indicates that the bee-nanocrystalline Fe-M-B (M=Zr, Hf, and Nb) alloys are 
promising for practical use as core materials. 
I. INTRODUCTION 
Recently, there has been a strong need for electromag- 
netic devices with a high degree of performance. Accord- 
ingly, with the aim of developing magnetic materials ex- 
hibiting high saturation induction and good soft magnetic 
properties, trials to improve soft magnetic properties of 
Fe-based amorphous alloys have been carried out for the 
last decade. 
It is known’ that the precipitation of fine bee particles 
in Fe-based amorphous phase brings about an improve- 
ment of soft magnetic properties. It has subsequently been 
reported2 that the F+Si-B-Nb-Cu amorphous alloys crys- 
tallize into a bee structure with a nanoscale grain size of 10 
nm and the bee alloy exhibits good soft magnetic proper- 
ties with a high saturation induction of 1.3 T. The good 
soft magnetic properties for the nanocrystalline alloys have 
been explained on the basis of the ripple theory3 or the 
random anisotropy model.4 
The present authors have recently carried out a sys- 
tematic study on the development of new soft magnetic 
materials in F&M-B (M=transition metals) systems by 
the melt spinning technique. As a result, we have 
reported 5-9 that a mostly single bee phase with nanoscale 
grain size forms by annealing the amorphous Fe-Zr-B, 
Fe-Hf-B, and Fe-M-B-Cu (M=Ti, Zr, Hf, Nb, or Ta) 
alloys and the bee-nanocrystalline alloys exhibit good soft 
magnetic properties with a high saturation induction 
reaching 1.7 T. However, the soft magnetic properties re- 
ported in the previous papers were mainly obtained from 
the straight strip samples, with a width of about 1 mm. The 
use of the sample in a closed magnetic circuit form is re- 
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quired to evaluate the intrinsic magnetic softness and to 
obtain a definite conclusion on the possibility of practical 
use as the core materials. The aim of this paper is to ex- 
amine magnetic core properties for the nanocrystalline.Fe- 
M-B (1K=Zr, Hf, or Nb) alloys in a ring-shaped form and 
to investigate the possibility of practical use in comparison 
with those for an amorphous Fe,sSi9B1, alloy, which is a 
core material in practical use. 
II. EXPERIMENTAL PROCEDURE 
Alloy ingots were prepared by arc ‘melting in an argon 
atmosphere. A single-roller melt spinning method was used 
to produce the rapidly solidified ribbon with a cross section 
of about 0.02X 13 mm?“. The ring-shaped sample with a 
size of 6 mm in inner diameter and 10 mm in outer diam- 
eter was prepared by mechanical punching. The as-. 
quenched samples were annealed for 3.6 ks at various tem- 
peratures under no magnetic field in an evacuated state. 
The identification method of as-quenched and annealed 
structure has been described in Ref. 6. The lattice spacing 
was evaluated from the x-ray diffraction peak measured by 
the step scanning method. The diffraction angles were cal- 
ibrated at each measurement, based on the diffraction an- 
gle measured for the pure Si powder (standard reference 
material 640a distributed by the National Bureau of Stan- 
dards). In addition, a commercial Fe7sSi9Bi3 amorphous 
alloy (METGLAS” 2605 S2) was used for comparison. 
Saturation magnetostriction (/2,> was measured for a 
disk-shaped sample with a diameter of 10 mm in an applied 
field up to 40 kA/m by using the strain gauges on both 
sides of the sample. Magnetic induction (Bs) and coercive 
force (H,) were measured with a dc B-H loop tracer in an 
applied field up to 8 kA/m. Effective permeability (pFL,) and 
core loss ( W) were measured with a vector impedance 
analyzer at 1 kHz under 0.4 A/m, and with an ac B-H 
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FIG. 1. DTA curves of amorphous Fe,,Zr,B,, Fee9Hf7B,, and Fe,,i%,B, 
alloys. 
analyzer under the condition of the sinusoidal magnetiza- 
tion. Electrical resistivity (p) was measured by a dc four- 
prove technique. Density (0,) was measured by the 
Archimedian method using tetrabromoethane. 
Ill. RESULTS AND DISCUSSIONS 
A. Microstructure and magnetostrictlon 
In the Fe-M-B ternary systems, the crystallization be- 
havior of an amorphous Fe,rZr,B, alloy6 has already been 
reported. That is, the alloy crystallizes through two stages, 
consisting of the first-stage change from amorphous to bee 
phase and the second-stage change from bee to a-Fe 
+compounds. Figure 1 shows the DTA curves of amor- 
phous F%eZr7B3, Fes9Hf7B4, and Fes4Nb,B, alloys. Two 
exothermic peaks are seen on all the DTA curves, indicat- 
ing that these amorphous alloys also crystallize through 
two stages. Furthermore, the mostly single bee phase with 
a grain size smaller than 20 nm was confirmed by TEM for 
these samples annealed for 3.6 ks at 923 K, which is lo- 
cated in the temperature range between the first and sec- 
ond peaks on these DTA curves. The structural changes by 
isochronal annealing for 3.6 ks were examined by x-ray 
diffractometry, in order to determine an optimum anneal- 
ing condition for obtaining a mostly single bee phase for 
these Fe-M-B amorphous alloys. The transition of. the 
amorphous to the bee phase for each alloy begins identi- 
cally to occur at annealing temperature (T,) of 723 K, and 
is almost completed at T,= 773 K. Although no significant 
change in the annealed structures is seen in the T, range 
from 773 to 923 K, the further increase of T, results in a 
mixed structure of a-Fe and compounds (FesZr, FezHf, 
Fe$%, and other unidentified phases). The lattice spacing 
of (1 10)t,, (diic) for the bee Fe-M-B alloys obtained by 
annealing was measured to be 0.2030 nm for FescZr,B, and 
Fe,,Hf,B, and 0.2032 nm for Fes4Nb,B, at T,=773 K. 
These dllo values are larger than that (0.2027 nm) for pure 
a-Fe, and decrease gradually to 0.2028 nm with increasing 
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FIG. 2. Changes in mean grain size (D) and saturation magnetostriction 
(a,) as a function of annealing temperature (T,) for 3.6 ks for amor- 
phous Fe&&B,, Fes9Hf,B4, and Fe,Nb7B9 alloys. 
T, to 1173 K. The tendency for dllo indicates that the 
dissolution amount of the solute elements in the bee phase 
decreases with increasing T, through the decomposition of 
the nonequilibrium bee phase, which is saturated with the 
solute elements. 
Figures 2 (a) and 2 (b) shows the mean grain size ( 0) 
and saturation magnetostriction (a,) as a function of T, 
for amorphous Fe-M-B (M=Zr, Hf, or Nb) alloys. D 
was estimated by using Scherrer’s equation” from the half- 
width of (llo),, diffraction peak obtained by the step 
scanning method. Broadening of diffraction lines due to a 
width of x-ray source was removed by Warren’s method,” 
on the basis of the half-width value measured for a single 
crystal Si. In Fig. 2(b), the plot marked in parentheses 
indicates that the magnetostriction is unsaturated under an 
applied field of 40 kA/m. D values for the bee Fe,,Zr,B,, 
Fes9Hf7B4 and Fes4Nb,B, alloys obtained by annealing at 
To=773 K are as small as 18, 14, and 9 nm, respectively. 
When T, is below 950 K, all the D values are independent 
of T,. However, the D values are strongly dependent on 
T, in the temperature range higher than 950 K. Gonsider- 
ing that the phase transition from bee to a-Fe 
+ compounds is confirmed at T,= 973 K, the grain growth 
of the bee phase appears to take place accompanied by the 
decomposition of the bee phase. /2, shows positive values 
ranging from 0.2X 10m6 to 2.2X 10m6 at T,=773 K and 
changes to negative values of 0.5 X 10m6 to 3.6~ 10 -6 pass- 
ing through zero with further increasing T, . The change in 
;1, with T, is presumed to reflect the process in which /2, 
approaches the value of polycrystalline a-Fe( -4.4 
X 10A6). This presumption is also supported from the re- 
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FIG. 3. Changes in IIS and pe at 1 kHz and 0.4 A/m as a function of T, 
for 3.6 ks for amorphous Fe,,Zr,B,, Fes9Hf,B,, and Fe&b,B9 alloys. 
sult that the decrease of solute contents in the bee phase is 
recognized through the decrease of dtlo. 
B. Soft magnetic properties 
Figures 3 (a) and 3(b) show the changes in Bs and pe 
at 1 kHz and 0.4 A/m as a function of T, for a constant 
annealing time of 3.6 ks for the amorphous Feg,,Zr,Bs, 
Fes9Hf7B4 and Fe&b,B, alloys. The data of the amor- 
phous Fe7sSi,,Bg alloy are also shown for comparison. 
Both B, and pCLe of the Fe+M-B (M=Zr, Nb, or Hf) alloys 
increase in the T, range from 723 to 773 K, where the 
structural change from the amorphous to the bee phase is 
observed. p, of the Ft+M-B (M=Zr, Nb, or Hf) alloys 
reaches maximum values of 22 000-32 000 at T,=923 K 
and then decreases rapidly at T,=950 K, where the bee 
phase decomposes to a-Fe+compounds. The decrease in 
y, associated with the decomposition of the bee phase is 
explained by the formation of the compounds that have 
larger magnetocrystalline anisotropy, as well as by the 
coarsening of the bee grain, leading to the increase in the 
reduced apparent anisotropy resulting from the grain size 
refinement. 
As shown in Figs. 2 and 3, the T, at which the highest 
,u~ is obtained does not agree with T,, leading to zero 
magnetostriction for the nanocrystalline Fe,,Zr,Bs and 
Fes9Hf,B4 alloys. Considering that excellent soft magnetic 
properties are obtained in the case where both il, and mag- 
netocrystalline anisotropy have small values, the present 
result suggests that an effective anisotropy for the nano- 
crystalline Fe-M-B alloys decreases with approaching T, 
to 923 K, where the highest pe is obtained. Herzer has 
evaluated4 the average anisotropy ( (K) ) for nanocrystal- 
line soft magnetic alloys on the basis of the random anisot- 
ropy model and reported that the (K> value for three- 
dimensional samples is expressed by Eq. ( 1 ), 
(K) ,K14D6/A3. (1) 
Here, K, is the magnetocrystalline anisotropy constant of 
the grains, D is the grain size, and A is the exchange stiff- 
ness. The equation has been derived from the assumption 
that the randomly oriented grains are perfectly coupled 
through the exchange interaction. It has been pointed 
out’1Y’2 that the decrease in the apparent anisotropy result- 
ing from the refinement of grain size does not occur effec- 
tively, when a nonmagnetic phase exists along the grain 
boundary and the exchange coupling between individual 
grains is inhibited. When the (K) value for the nanocrys- 
talline Fe-M-B alloys is assumed to be expressed by E?q. 
(l), the (K) value is mainly dominated by D, however, the 
D value for the nanocrystalline Fe-M-B alloys remains 
almost constant in the T, range of 773-923 K. This indi- 
cates that the (K) value for the nanocrystalline F+M-B 
alloys is dependent on K1 and A. It is very difficult to 
evaluate K1 for the bee grain, and hence the change in Kl 
with T, remains unknown. On the other hand, the effective 
A value is presumed as follows; Since the crystallization 
temperature of the amorphous Fe-M-B alloys is about 800 
K, it is reasonable to consider that a relatively large 
amount of amorphous phase exists along the grain bound- 
ary in the nanocrystalline bee alloys obtained at low T,. 
The increase in B8 with approaching T, to 923 K for the 
nanocrystalline alloys shown in Fig. 3(a) is presumably 
because the volume fraction of the residual amorphous 
phase with low magnetization decreases through the crys- 
tallization into the bee phase. The Fe concentrations of the 
Fe-M-B amorphous alloys are as high as 84%-90%, and 
T, lies around room temperature because of the Invar ef- 
fect. Accordingly, it is thought that the residual existence 
of the amorphous phase along the grain boundaries of the 
bee phase causes the decrease of effective A between the bee 
grains, leading to the increase in (K). 
More recently, the present authors have examinedI 
the temperature dependence of pL, for the nanocrystalline 
Fes9Hf7B4 alloy, and confirmed that the pu, value of the 
nanocrystalline bee phase obtained at T, below 873 K in- 
crease when the measurement temperature decrease from 
room temperature to 77 K. This change is induced, pre- 
sumably because the increase in the magnetization for the 
residual amorphous phase with decreasing measurement 
temperature causes the increase in effective A, leading to 
the decrease in (K>. It is therefore said that the residual 
amorphous phase along the grain boundaries of the bee 
phase inhibits the effective generation of exchange coupling 
between the bee grains for the nanocrystalline Fes9Hf7B4 
alloy obtained by annealing at T, below 873 K. Thus, the 
soft magnetic properties of the nanocrystalline Fe-M-B 
alloys are also dominated by the existence of the grain 
boundary phase that affects the effective A value, in addi- 
tion to D and ,l.$. 
It is to be noticed that the highest pL, of the nanocrys- 
talline Fe-M-B alloys is about three times as high as that 
(9000) for the amorphous Fe,sSi,B,, alloy annealed for 3.6 
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FIG. 4. Changes in coercive force (H,) and core loss ( W) at 50 Hz and 
1.0 T as a function of r, for 3.6 ks for amorphous Fe,,Zr,B,, Fe,&If,B, 
and FesJb,B, alloys. 
ks at an optimum T, of 643 K, being equivalent to that 
( ~25 000) l4 for the amorphous Co-Fe-Si-B alloys, with 
the same sample geometry as that used in the present work. 
The B, value for the nanocrystalline F+M-B alloys at 
T,=923 K, where the maximum pu, value obtained is 1.63 
T for M=Zr, 1.59 T for M=Hf, and 1.49 T for M=Nb, 
being comparable to that (1.56 T) for the amorphous Fe- 
Si-B alloy. The B8 value for these optimum annealed sam- 
ples was confirmed to agree with the 4?rl, value measured 
with a vibrating-sample magnetometer. As shown in Fig. 
2(b), the magnitude of ;1, of the nanocrystalline F+M-B 
alloys is less than 1.2X 1Om6 at Ta= 923 K, where the 
maximum p, is obtained. The /2, value is smaller than 5% 
of that (27X 10F6) l5 for the amorphous Fe7sSi9B13 alloy, 
being equivalent to that ( < 1 X lo-“) l4 for the amorphous 
Co-Fe-Si-B alloys and seems to be a major reason for the 
higher pCla values for the nanocrystalline Fe-M-B (M=Zr, 
Hf, and Nb) alloys, in comparison with the amorphous 
Fe-Si-B alloy. 
Figures 4(a) and 4(b) show the coercive force (H,) 
and the core loss ( W) at 50 Hz and 1.0 T, respectively, as 
a function of T,, for the nanocrystalline Fe-M-B (M=Zr, 
Hf, and Nb) alloys, along with the data for the commercial 
amorphous Fe-Si-B alloy. For all the alloys, H, and JV 
have a similar tendency against T, and show minima at 
around T,=923 K for the nanocrystalline Fe-M-B alloys, 
and at T,=643 K for the amorphous Fe-Si-B alloy. The 
optimum T, leading to the minimum values of H, and W 
agrees with that at which the maximum p, is obtained in 
Fig. 3(b). Although the H, for the amorphous Fe-Si-B 
alloy annealed at T,=643 K is smaller than that for the 
nanocrystalline Fe-M-B alloys annealed at optimum T,, 
IO4 I,,111, 
- F+df,B, 
2.1 
B, IT 
FIG. 5. Relation between W and maximum induction field (B,) for a 
bee Fes,Hf,B, alloy produced by annealing the melt-spun amorphous 
phase at 923 K for 3.6 ks. The data of the amorphous Fe7sSigB1j alloy are 
also shown for comparison. 
the minimum W value is 8.9X 1O-2 W/kg for M=Zr, 
6.6~10~~ W/kg for M=Hf, and 9.0~10~~ W/kg for 
M=Nb, being lower than that (9.7~ 10m2 W/kg) for the 
amorphous Fe-Si-B alloy. 
The frequency (f ) and B, dependence of core loss 
was examined for the nanocrystalline Fes9Hf7B4 alloy pre- 
pared by annealing the amorphous phase at 923 K for 3.6 
ks, in comparison with the data for the amorphous 
Fe,sSi,B,, alloy subjected to the optimum heat treatment. 
W values in the frequency range of 50 Hz-50 kHz are 
plotted as a function of B, in Fig. 5. W of the nanocrys- 
talline Fe-Hf-B alloy is smaller than that for the amor- 
phous Fe-Si-B alloy at each frequency in the entire B, 
range. The W values for the nanocrystalline F+Hf-B and 
amorphous Fe-Si-B alloys at 1.0 T were replotted as a 
function off in Fig. 6, in order to compare the frequency 
dependence of core loss. The data for the nanocrystalline 
Fes&Q,B, and Fes4Nb,B, alloys subjected to the optimum 
annealing treatment are shown in Fig. 6, where the catalog 
data” for the amorphous FewSi,B13 (METGLASTM 2605 
S2) and Fe,,Si,B16Cr2 (METGLASTM 2605 S3A) alloys 
are also shown for comparison. When the present result for 
the amorphous Fe-Si-B alloy is compared with the catalog 
data, the sample annealed under no applied field shows 
lower W values in the frequency range above 400 Hz. On 
the other hand, the catalog data for the sample annealed 
under the longitudinal applied field are lower at f = 60 Hz. 
This difference in W is due to the change in the gradient in 
the log W vs log f curve. The larger gradient in the log W 
vs log f curve for the catalog data seems to result from the 
decrease in static hysteresis loss governing the W values in 
a low-frequency range and the increase in anomalous eddy 
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Fe,sSisB,, alloy in the f range below 50 Hz, all the nano- 
crystalline Fe-M-B (M=Zr, Hf, or Nb) alloys have lower 
W values in the wide f range from 50 Hz to 100 kHz, in 
comparison with the amorphous Fe-Si-B alloy, subjected 
to annealing under no applied field. Furthermore, the W 
values for the nanocrystalline F-M-B alloys are obviously 
smaller than the catalog data for the amorphous Fe-Si- 
B-0 alloy designed for the high-frequency use of > 1 kHz. 
Typical magnetic properties for the bee Fe-M-B (M 
=Zr, Hf, or Nb) alloys annealed for 3.6 ks at 923 K under 
no applied field are summarized in Table I, where the data 
for the amorphous Fe-Si-B alloy are also shown for com- 
parison. The low core losses combined with high values of 
B, and ,LL~ and small magnetostriction lead to an expecta- 
tion that the present nanocrystalline Fe-M-B alloys may 
be used as a core material in high-frequency transformers, 
in which Fe-Si-B based amorphous alloys are presently 
being used.16 
C. Loss separation 
The basic loss separation was tried at a constant B, of 
1.0 T, to gain a better understanding of the difference in 
core losses between the nanocrystalline FeM-B alloys and 
the amorphous F&G-B alloy. The static hysteresis loss 
( W,) is evaluated to be 1.75 mJ/kg for the nanocrystalline 
Fes,Zr,B, alloy, and 1.16 mJ/kg for the amorphous 
Fe7sSi9B13 alloy from the area of dc B-H loop at B,= 1.0 
T. The classical eddy current loss ( WC) is calculated by 
Eq. (21, 
WC= (mf B,)2/6pD,. (2) 
Here, t is the thickness of the sheet, f is the frequency, B, 
is the maximum flux density, p is the electrical resistivity, 
and D,,, is the density. The separated core loss in core 
losses per cycle for the nanocrystalline Fes,Zr,B, and 
amorphous Fe,sSi,B,, alloys is shown in Figs. 7 and 8, 
respectively. Although the WC for the amorphous F&i-B 
alloy with a higher p value of 137~ lo-* CI m is smaller 
than that for the bee Fe-Zr-B alloy, with p of 44x lo-* 
Frequency, f I Hz 
FIG. 6. Relation between W at B,= 1.0 T and frequency (f ) for nano- 
crystalline Fe,,Zr,B,, Fes9Hf7B4, and Fes4Nbb7B9 alloys produced by an- 
nealing the melt-spun amorphous phase for 3.6 ks at 923 K. Present data 
for the amorphous Fe,sSi,B,, alloy and catalog data (see Ref. 15) for the 
amorphous FersSisB,, and Fe,,Si,B&r, alloys are also shown for com- 
parison. 
current loss in a high-frequency range. This change is pre- 
sumably attributed to the growth of domains with 180” 
wall induced by the longitudinal field annealing. Although 
the W values for the nanocrystalline Fe,,Zr,B, and 
Fe@b,Bs alloys are larger than that for the amorphous 
TABLE I. Magnetic properties ( IV, B,, pe, H,, and A,), electrical resistivity (p), sample thickness (t), and density (0,) for nanocrystalline Fe&r,B,, 
Fes,Hf,B,, and Fe&&B9 and amorphous Fe,sS&B,, alloys. 
F%&B3 
Structure Nanocrystalline 
w14/50n W&3) 0.21 
w,o/“co * W/kg) 0.82 
WI,,, .a W&) 2.27 
W a IW/kd z,,eot 79.7 
4 0’) 1.63 
P@ b 22 000 
H, (A/m) 5.6 
R,X 10” -1.1 
pX108 (fi ml 44 
r (pm) 18 
D,x 10m3 (kg/m3) 7.62 
a W,,, is the core loss at a x 10-l T and p Hz. 
“f = 1 kHz, H,=O.4 A/m. 
‘Reference 15. 
F%&B4 J%.W7J% Fe,sSi,B,s 
Nanocrystalline Nanocrystalline Amorphous 
0.14 0.19 0.24 
0.61 0.97 1.22 
1.70 2.50 3.72 
59.0 75.7 168 
1.59 1.49 1.56 
32 000 22 000 9000 
5.6 8.0 2.4 
-1.2 0.1 27’ 
48 58 137c 
17 22 20 
8.46 7.74 7.18” 
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FIG. 7. Relation between separated core Ioss in core losses per cycle 
( W,) and f for a nanocrystalline FqOZr,B3 alloy. 
a m in the entire f range, the anomalous eddy current loss 
( W,= W- W/Z - f - IV,) of the amorphous Fe-Si-B alloy 
is much higher than that of the nanocrystalline Fe-Zr-B 
alloy, leading to the lower values of the total eddy current 
loss ( W,,= IV+ IV,) for the nanocrystalline Fe-Zr-B al- 
loy. The anomaly factor (q= W&V,) at 50 kHz and 1.0 
T is evaluated to be 1.4 for the nanocrystalline alloy, with 
a dc remanence ratio of 0.44 and 5.7 for the amorphous 
alloy with a dc remanence ratio of 0.37. The small 77 value 
near 1 for the nanocrystalline alloy is comparable to that 
(1.5) l7 at 50 kHz and 0.4 T for the commercial amorphous 
Co6sFe4Ni,Si,,B,, alloy (METGLAP 2714 A) annealed 
under no applied field. The small anomaly factor compa- 
rable to that for the Co-based amorphous alloy seems to be 
a major reason for the low core losses for the nanocrystal- 
line Fe-M-B (M=Zr, Hf, and Nb) alloys. 
It is known that the 7 value is closely related to the 
magnetic domain structure of alloys, particularly the spac- 
ing of domains with 180“ wall. It is therefore said that the 
observation of domain structure is essential for clarification 
of the reason for the difference in 77 between the nanocrys- 
talline Fe-M-B alloys and the amorphous F+Si-B alloy. 
There is no report on the domain structure of the nano- 
crystalline F-M-B alloys, however, the curved domains 
with a width of about 100 pm separated by 180” walls have 
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FIG. 8. Relation between separated core loss in core losses per cycle 
( WrJ and f for an amorphous Fe,sSi,B,, alloy. 
been observed’* for a nanocrystalline Fe73.5Si13.5B9Nb3Cu1 
alloy with low core losses comparable to those for Co- 
based amorphous alloys with zero magnetostriction. The 
feature is similar to that for conventional amorphous soft 
magnetic alloys. The similarity in the domain structure 
between the nanocrystalline and amorphous soft magnetic 
alloys suggests that the reason for the difference in rl be- 
tween the nanocrystalline Fe-M-B alloys and the amor- 
phous Fe-Si-B alloy is due to the factors that affect do- 
main structure, e.g., magnetostriction or local anisotropy, 
rather than the intrinsic difference in structure between the 
noncrystalline and the amorphous phases. 
Inomata et al. have reportedI that the anomaly factor 
in a frequency range of 10-50 kHz for the amorphous 
Fe-Si-B-Nb alloys is proportional to ;1,, and the 7 value 
decreases from 7.5 to 1.6 with decreasing &from 30x 10F6 
to 7~ 10m6. Considering that the 7 and /2, values are 1.4 
and 1.1 x lo-‘, respectively, for the nanocrystalline Fe- 
Zr-B alloy and 5.7 and 27x 10m6, respectively, for the 
amorphous F+Si-B alloy, the difference in 77 observed in 
the present study can be explained by taking the difference 
in /2, into consideration. Thus, it is said that the study on 
the influence of magnetostriction on domain structure is 
required for the clarification of the reason for the low core 
losses in the high-frequency range for the nanocrystalline 
Fe-M-B alloys. 
IV. CONCLUSION 
The magnetic core properties of the bee Fe-M-B (J4 
=Zr, Hf, or Nb) alloys with nanoscale grain sizes of 10-20 
nm were examined for the ring-shaped samples. The results 
obtained are summarized as follows. 
( 1) The nanocrystalline F-M-B (M=Zr, Hf, or Nb) 
alloys produced by annealing the melt-spun amorphous 
phase for 3.6 ks at 923 K exhibit high B, and pe values of 
1.49-1.63 T and 22 000-32 000 at 1 kHz, respectively. The 
,u~ values are about three times as high as that (9000) for 
the amorphous Fe7sSigBt3 alloy, being comparable to Co- 
based amorphous alloys. 
(2) In the frequency range from 50 Hz to 100 kHz, the 
nanocrystalline Fe-M-B (M=Zr, Hf, or Nb) alloys ex- 
hibit core losses lower than that for the amorphous 
Fe,sSigB,, alloy. The values are smaller by 60%-90% at 50 
Hz and 50%-70% at 1 kHz, as compared with those for 
the amorphous Fe-SCB alloy. The low core losses com- 
bined with high B, and high pFLe values allow us to expect 
that the bee-nanocrystalline Fe-M-B (M=Zr, Hf, or Nb) 
alloys could be useful for various types of transformers in 
which amorphous Fe-Si-B alloys are presently being used. 
(3) The small anomaly factor equivalent to a Co-based 
amorphous alloy was confirmed for the nanocrystalline 
Fe,,Zr,B, alloy at 50 kHz, and is thought to be the main 
reason for the low core losses for the nanocrystalline Fe- 
M-B (M=Zr, Hf, or Nb) alloys. 
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